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An  electrochemical  impedance  spectroscopy  (EIS)  technique  was  developed  to  characterize  a  direct 
methanol  fuel  cell  (DMFC)  under  various  operating  conditions.  A  silver/silver  chloride  electrode  was 
used  as  an  external  reference  electrode  to  probe  the  anode  and  cathode  during  fuel  cell  operation  and 
the  results  were  compared  to  the  conventional  anode  or  cathode  half-cell  performance  measurement 
using  a  hydrogen  electrode  as  both  the  counter  and  reference  electrode.  The  external  reference  was  sen¬ 
sitive  to  the  anode  and  the  cathode  as  current  was  passed  in  a  working  DMFC.  The  impedance  spectra 
and  DMFC  polarization  curves  were  systematically  investigated  as  a  function  of  air  and  methanol  flow 
rates,  methanol  concentration,  temperature,  and  current  density.  Water  flooding  in  the  cathode  was  also 
examined. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs)  would  be  highly  desir¬ 
able  for  powering  portable  electronic  devices  because  they  would 
offer  several  attractive  advantages,  such  as  ease  of  fuel  storage, 
low  operating  temperature,  and  high  energy  density  [1-10].  The 
cell  performance  depends  on  the  membrane-electrode  assembly 
(MEA),  which  comprises  a  polymer  electrolyte  membrane,  a  cata¬ 
lyst  layer,  and  a  gas-diffusion  layer.  The  DMFC  has  not  yet  found 
widespread  commercial  application  because  MEA  performance, 
durability,  and  long-term  operation  are  limited,  mainly  due  to  low 
anode-electrocatalyst  activity  as  well  as  fuel-crossover  issues. 

Electrochemical  impedance  spectroscopy  (EIS)  has  long  been 
utilized  to  probe  interfacial  processes  and  speciation  in  electro¬ 
chemical  systems.  EIS  data  are  often  presented  as  a  Nyquist  plot  in 
which,  ideally,  the  leftmost  intercept  with  the  real  (X-axis)  occurs 
for  the  high-frequency  data,  which  is  related  to  the  ohmic  resis¬ 
tance  of  the  cell  elements  (the  sum  of  the  membrane,  electrodes, 
contacts,  and  other  resistances)  and  is  named  high-frequency  resis¬ 
tance  (HFR).  The  next  real  axis  intercept,  which  is  further  to  the 
right  (lower-frequency  data),  is  related  to  the  charge-transfer  resis¬ 
tance  (CTR)  for  the  faster  charge-transfer  reaction  on  one  of  the 
two  electrodes.  The  last  real  axis  intercept  is  further  to  the  right 
(lowest-frequency  data)  and  indicates  the  CTR  of  the  slower  reac¬ 
tion  on  the  other  of  the  two  electrodes.  EIS  studies  of  DMFCs 
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under  various  test  conditions,  such  as  a  large  electrode  area,  high 
temperature,  and  large  DC  current,  have  been  recently  performed 
[2-26].  The  most  common  method  for  distinguishing  the  individual 
impedances  of  the  anode  and  the  cathode  from  the  full  cell  is  to  use 
a  dynamic  hydrogen  electrode  (DHE)  as  both  the  counter  and  ref¬ 
erence  electrodes  [2-6, 9-1 5,1 8,1 9,21 ,24,27]. The  anode  impedance 
can  be  obtained  by  measuring  the  full-cell  impedance  with  a  hydro¬ 
gen  [4]  stream,  instead  of  air  or  oxygen,  passing  over  a  cathode. 
Then  the  cathode  impedance  is  extracted  by  subtracting  the  anode 
impedance  from  the  full-cell  impedance  associated  with  the  over¬ 
all  reaction.  Notably,  the  HFR  of  the  cathode  impedance  will  be 
incorporated  into  the  HFR  of  the  anode  impedance  during  the  cal¬ 
culation  because  the  anode  impedance  is  measured  in  the  form 
of  a  full  cell  using  a  half-cell  reaction.  However,  the  pseudo-DHE 
possibly  exhibits  overpotential  due  to  impurities  such  as  02.  In 
some  investigations,  the  methanol  solution  was  replaced  with 
sulfuric  acid  to  determine  the  cathode  impedance  alone,  or  sul¬ 
furic  acid  was  streamed  into  the  cathode  to  investigate  the  anode 
impedance  [8,20,22,23,26].  Nevertheless,  these  methods  consider 
only  an  ideal  situation,  not  a  real  electrode  environment.  Although 
the  impedance  of  a  real  anode  and  a  real  cathode  in  the  discharge 
regime  can  be  resolved  by  an  additional  dynamic  hydrogen  elec¬ 
trode  [27-32]  or  by  a  reversible  hydrogen  electrode  [33-35],  the 
appended  structure  of  the  reference  electrode  for  an  H2  stream 
increases  the  complexity  of  cell  construction. 

This  work  overcomes  the  difficulties  associated  with  the  above- 
described  methods  by  using  an  independent  structure  for  a 
reference  electrode.  An  Ag/AgCl  electrode  was  first  used  as  a  refer¬ 
ence  electrode  with  minimal  instability  to  observe  the  impedance 
of  each  electrode.  The  unique  advantages  of  this  reference  electrode 
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are  that  it  can  avoid  the  effect  of  impurities  such  as  02  and  can  be 
easily  applied  in  the  electrochemical  system.  Moreover,  the  accu¬ 
racy  of  the  determinations  of  the  individual  electrode  impedances 
is  ensured  by  comparing  the  summation  of  the  real-anode  and  real- 
cathode  impedances  with  the  full-cell  impedance.  By  this  extended 
method,  the  EIS  response  of  the  real  anode,  the  real  cathode,  and 
the  full-cell  impedance  were  determined  together  with  the  polar¬ 
ization  curves  under  various  operating  conditions.  Additionally,  the 
real-anode  impedance  was  compared  with  the  half-cell  impedance 
of  the  anode  under  the  same  operating  conditions  to  show  the 
advantage  of  the  proposed  approach. 

2.  Experimental 

2.1.  Fabrication  of  membrane-electrode  assembly 

The  MEAs,  consisting  of  electrodes  and  electrolyte  membranes, 
were  prepared  by  the  procedure  reported  in  our  previous  work 
[16,17].  The  catalysts  were  purchased  form  Johnson  Matthey  Inc. 
The  electrode  inks  were  fabricated  from  a  mixture  of  Pt-Ru/C  or 
Pt/C  catalysts  with  a  Nation  solution  (DuPont).  Nation  117  mem¬ 
branes  were  cleansed  in  turn  in  deionized  water,  3wt.%  H2O2, 
3  wt.%  H2S04,  and  deionized  water  again  for  1  h  in  each  solution. 
A  thin  layer  of  electrode  with  the  above  catalyst  was  then  coated 
onto  each  surface  of  the  cleansed  membrane  by  a  screen-printing 
technique.  Pt-Ru  and  Pt  were  deposited  onto  the  anode  and  cath¬ 
ode,  respectively,  both  at  a  loading  rate  of  2  mg  cm-2  [38,39,43]. 
After  hot-pressing  at  120°C  and  50  kg  cm-2  for  2  min,  the  active 
area  of  the  MEA  was  aligned  to  25  cm2  using  a  laser-ablation  pro¬ 
cess  [43].  A  Nd-yttrium  aluminum-garnet  laser  was  utilized  at  a 
wavelength  of  1065  nm.  The  probe  chuck  of  the  focus  of  the  fixed 
laser  optics  was  movable  in  the  x-y  plane  with  an  accuracy  of 
1  [Jim  at  a  speed  of  200  mm  s-1.  The  lowest  possible  pulse-energy 
density  of  0.25  J  cm-2,  with  a  high-pulse  frequency  of  20  kHz,  was 
selected  to  avoid  local  overheating  of  the  membrane.  The  MEA 
was  covered  with  a  glass  substrate  and  a  silicon  mask  was  placed 
on  top  of  the  glass  substrate  to  absorb  the  initial  energy  of  the 
laser.  The  laser  started  and  stopped  on  the  Si  mask.  During  the 
laser-ablation  process,  the  redundant  catalyst  of  both  anode  and 
cathode  was  evaporated  or  adhered  to  the  glass  substrate.  The 
influence  of  the  asymmetric  potential  distribution  on  the  work¬ 
ing  electrode  was  thereby  minimized.  Subsequently,  the  MEA  was 
installed  in  a  test  block  with  the  current  collectors  positioned  at 
each  end  and  then  sandwiched  between  gas-diffusion  layers.  The 
carbon  cloth  treated  with  5  wt.%  PTEF  was  used  as  the  gas-diffusion 
layer  (GDL)  for  both  anode  and  cathode  with  the  thickness  of 
0.29  mm.  A  carbon  cloth  treated  with  5  wt.%  PTEF  was  used  as  the 
gas-diffusion  layer  (GDL)  for  both  anode  and  cathode,  with  a  thick¬ 
ness  of  0.29  mm.  The  gasket  thickness  of  both  the  anode  side  and 
cathode  side  was  0.2  mm.  Channels  with  parallel  geometry  (1  mm 
wide,  1.2  mm  deep,  with  ridges  1mm  high)  were  machined  in 
the  plates. 


teristics  were  measured  galvanostatically  with  an  electronic  loader 
(Prodigit  3300C). 

2.3.  Electrochemical  measurements 

The  impedance  spectra  were  recorded  with  a  ZAHNER  IM  6ex 
instrument  (equipped  with  four  measuring  electrodes,  a  working 
electrode  (WE),  a  sensing  electrode  (SE),  a  reference  electrode  (RE), 
and  a  counter-electrode  (CE)),  allowing  measurement  of  the  mod¬ 
ulation  of  DC  potential  in  automatic  sweep  mode  from  1  kHz  to 
0.05  Hz  with  10  steps  per  logarithmic  decade.  The  amplitude  of  the 
sinusoidal  modulation  voltage  did  not  exceed  10  mV.  In  addition  to 
the  usual  cell  hardware,  the  Ag/AgCl  electrode  (MF-2052,  BAS  Inc.) 
was  inserted  into  the  cell  through  openings  in  the  end  plates  to 
contact  the  region  of  constant  potential  (RCP;  1.5  times  the  mem¬ 
brane  thickness  beyond  the  electrode  edge)  [38,39,43]  and  fixed  in 
place  by  means  of  plastic  compression  fittings  to  ensure  electrical 
isolation  of  the  reference  electrode  from  the  holes  in  the  end  plates, 
as  shown  in  Fig.  1 .  The  periphery  around  the  contact  position  of  the 
membrane  was  treated  with  Si-Fluoro  elastomer  (Topco  Scientific 
Co.)  to  prevent  chloride  ions  leakage  from  the  Ag/AgCl  electrode, 
which  would  poison  the  catalyst  [40-42],  and  to  ensure  a  continu¬ 
ous  path  for  chloride  ions  between  the  reference  electrode  and  the 
membrane  surface. 

In  order  to  evaluate  the  stability  of  the  Ag/AgCl  reference  elec¬ 
trode,  the  individual  potential  was  periodically  measured  at  the 
normal  DMFC  open-circuit  condition  for  ~3.8  h  (Fig.  2(a))  and  again 
at  a  constant  current  density  of  1 00  mA cm-2  for  ~3.8  h  (Fig.  2(b)). 
As  the  cathode  potential  was  measured  from  the  reference,  RA,  the 
resistance  of  membrane  might  cause  a  slight  potential  drift  and 
result  in  a  different  cathode  potential  between  the  Vc  (from  the  ref¬ 
erence  Ra)  and  the  Vcathode  (from  the  reference  Rc).  Furthermore, 
the  repeated  reference-electrode  response  of  anode  and  cathode 
indicated  good  stability  of  the  reference  electrode  during  fuel  cell 
operation  [38].  The  trend  of  stability  of  the  individual  potential 
measurements  was  also  observed  during  the  polarization  measure¬ 
ments  over  all  of  the  current  densities,  as  shown  in  Fig.  2(c). 

All  of  the  in  situ  EIS  were  carried  out  based  on  the  reference  elec¬ 
trode,  Ra.  The  connection  forms  for  the  in  situ  EIS  measurement 
are  plotted  in  Fig.  3.  To  verify  the  accuracy  of  the  EIS  measure¬ 
ment,  Figs.  4  and  5,  respectively,  show  the  EIS  during  the  half-cell 
reaction  and  the  actual  operation.  For  measurement  of  the  half-cell 
impedance  of  the  anode  (Fig.  4),  the  cathode  electrode  was  oper¬ 
ated  as  a  DHE.  Clearly,  the  real  high-frequency  resistance  (HFR) 
of  the  anode  can  be  isolated  by  using  the  Ag/AgCl.  Furthermore, 
the  charge-transfer  resistances  (CTR)  of  each  electrode,  as  well  as 
the  individual  HFR,  were  separated  during  operation  of  the  differ¬ 
ent  airflows  of  100  and  300  ml  min-1,  as  plotted  in  Fig.  5(a)  and 
(b).  As  a  result,  the  summation  of  the  individual  anode  and  cath¬ 
ode  impedances  (Fig.  5  (c)  and  (d))  is  consistent  with  the  full-cell 
impedance.  This  result  indicates  that  the  potential  at  the  edge  of  an 
electrode  versus  the  reference  followed  the  electrode  potential. 


2.2.  Single-cell  operation 

A  thermocouple  was  used  to  monitor  and  control  the  desired 
cell  temperature.  A  3-wt.%  methanol  solution  was  fed  from  a 
methanol  container  with  a  pump  and  preheated  to  the  operat¬ 
ing  temperature.  The  flowmeter  was  positioned  after  the  valve 
of  the  compressor  to  regulate  the  air  flow  at  room  temperature. 
A  50-mlmin-1  flow  of  hydrogen  gas  was  used  for  the  half-cell 
impedance  of  the  anode.  Before  the  EIS  measurement,  the  cell 
was  preheated  to  60  °C  for  1  h  without  air  supply.  Then,  a  load 
was  applied  at  40  mA  cm-2  for  1  h  to  insure  a  steady  state.  The 
current-voltage  (polarization  curves)  and  current-power  charac- 
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Fig.  2.  The  individual  potential  measurement  by  using  Ag/AgCl  at  (a)  open-circuit  voltage,  (b)  a  constant  current  density  of  100  mA cm-2,  and  (c)  the  polarization  curves. 
The  Vceu  is  the  full  cell  potential.  Vanode  is  the  anode  potential  measured  from  the  reference  RA.  Vcathode  is  the  cathode  potential  measured  from  the  reference  RA.  l/cath0de  is  the 
cathode  potential  measured  from  the  reference  Rc. 


(a)  | —  WE  (b)  ^  | —  WE  (c)  ^ 

Anode  A —  J  Anode  ® —  Anode  ® -  CE 
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Ra  ®  | —  RE  Ra  ® -  RE  Ra  ® -  RE 

^  ^  A  r WE 

Cathode  ® — ' —  CE  Cathode® -  CE  Cathode  ®—[_  ^ 

Fig.  3.  The  connections  of  the  electrodes  for  measuring  the  impedance  of  (a)  full 
cell,  (b)  anode,  and  (c)  cathode. 

2.4.  Effect  of  chloride  ions  on  EIS  measurement 

Although  a  minimal  amount  of  chloride  ion  leakage  resulted 
from  sealing  of  the  Ag/AgCl  electrode  in  the  path  between  the  ref- 


Fig.  4.  Comparisons  of  the  two  different  half-cell  impedance  of  anode  (measured 
against  DHE). 


erence  and  membrane  surfaces  by  use  of  the  Si-Fluoro  elastomer 
(Topco  Scientific  Co.),  it  is  possible  that  some  chloride  ions  diffused 
through  the  membrane  and  directly  poisoned  the  catalyst.  There¬ 
fore,  it  was  necessary  to  ensure  elimination  of  the  chloride  poison 
in  our  experiment  [41  ].  During  the  roughly  8-h  operation,  the  con¬ 
centrations  of  chloride  ions  originating  from  the  anode  and  cathode 
outlet  were  measured  by  inductively  coupled  plasma  (ICP)  mass 
spectrometry,  as  shown  in  Fig.  6.  After  the  8-h  operation,  the  chlo¬ 
ride  ions  adsorbed  on  the  anode  and  cathode  catalyst  were  present 
at  levels  (see  Table  1 )  below  the  detection  limit  of  energy-dispersive 
X-ray  (EDX)  analysis.  These  results  indicate  that  the  minimal  leak¬ 
age  of  chloride  ions  from  the  Ag/AgCl  reference  did  not  affect  the 
accuracy  of  the  EIS  measurement  in  our  work. 

3.  Results  and  discussions 

3. 1 .  Effect  of  air  flow  rates 

Three  air  flow  rates,  corresponding  to  cathode  stoichiometries 
of  1,  3  and  9,  were  set  at  a  constant  current  of  76  mA cm-2.  The 
stoichiometric  flow  rate  of  the  anode  was  set  to  6  when  a  3-wt.% 


Table  1 

EDX  patterns  of  the  catalysts. 
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Cathode 

Element 
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CK 
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OK 

4.84 

6.83 
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3.77 

5.05 
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22.05 

26.17 

FK 

21.89 

24.70 

SK 

0.89 

0.63 

SK 

1.19 

0.79 

RuL 

12.16 

2.71 

RuL 

1.49 

0.32 

PtM 

27.87 

3.22 

PtM 

35.07 

3.85 
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Fig.  5.  Nyquist  plots  for  a  DMFC  at  76  mA  cm-2  with  (a  and  c)  100  ml  min-1  air  flow  and  (b  and  d)  300  ml  min-1  air  flow.  Cell  temperature  is  60  °C,  liquid  methanol  flow  is 
6-stoichiometry. 


methanol  solution  was  used  at  60  °C.  The  electrochemical  behav¬ 
ior  of  the  real  cathode  under  various  air  flow  rates  is  recorded  in 
Fig.  7(a).  At  a  cathode  stoichiometry  of  1 ,  the  oxygen  mass-transport 
limitation  yielded  a  large  irregular  semicircle  for  the  real-cathode 
impedance.  When  the  oxygen  mass  transport  (concentration)  is 
increased,  the  oxygen-reduction  reaction  (ORR)  is  enhanced,  which 
reduces  the  CTR  of  the  cathode  impedance  as  well  as  the  irregu¬ 
lar  shape  in  the  low-frequency  region.  Regarding  the  real-cathode 
EIS,  Fig.  7(b)  plots  the  electrochemical  behavior  of  the  real  anode. 
Interestingly,  the  irregular  shape  resulting  from  the  mass-diffusion 
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Fig.  6.  The  concentrations  of  chloride  ions  measured  from  the  anode  and  cathode 
outlet. 


problem  was  also  observed  in  the  low-frequency  region  of  the 
real-anode  EIS  at  an  anode  stoichiometric  flow  rate  of  6.  In  the 
conventional  half-cell  EIS  of  the  anode,  the  diffusion  problem  gen¬ 
erally  only  occurs  because  of  anodic  mass-transport  limitations 
at  low  fuel-flow  rates  or  concentrations  [2,3,7,12].  The  anode- 
diffusion  problem  remained  at  a  cathode  stoichiometry  of  3,  when 
the  stoichiometric  flow  rate  of  methanol  supply  was  sufficient  (6 
in  this  study),  because  the  oxygen  mass-transfer  limitation  slows 
the  proton-transfer  process  from  anode  to  cathode.  The  observed 
slowing  of  proton-transfer  is  due  to  the  diffusion  problem,  which 
then  causes  the  irregular  shape  of  the  real-anode  EIS.  When  the  sto¬ 
ichiometric  flow  rate  of  the  supplied  air  was  9  at  the  cathode,  the 
proton-transfer  process  was  enhanced,  and  the  irregular  shape  of 
the  real-anode  impedance  was  almost  eliminated.  The  same  result 
could  not  be  obtained  from  the  half-cell  EIS  measurement  because 
the  fast  kinetics  and  mass  transport  of  the  hydrogen  oxidation  reac¬ 
tion  had  an  undetected  influence  on  the  anode  impedance  during 
the  half-cell  reaction.  Therefore,  similar  half-cell  impedances  of 
the  anode  under  the  various  hydrogen  flows  were  demonstrated 
(Fig.  7(c)).  This  result  indicates  that  the  effect  of  the  cathode  on 
the  real  anode  cannot  be  identified  by  determining  the  half-cell 
impedance  of  the  anode. 

In  Fig.  7(d),  the  resultant  effect  of  both  the  real  anode  and 
the  real  cathode  on  the  overall  reaction  was  plotted  in  the  form 
of  a  full-cell  impedance  spectrum.  At  a  cathode  stoichiometry  of 
1,  the  limited  ORR  slows  the  proton-transfer  process  and  hence 
causes  the  overall  reaction  to  generate  a  large  irregular  semicircle 
of  full-cell  impedance.  As  the  air  flow  rate  was  increased,  the  full¬ 
cell  impedance  arc  decreased  because  the  fast  reactions  occurred 
quickly  at  both  the  real  anode  and  the  real  cathode.  This  result, 
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Fig.  7.  The  influence  of  1,  3  and  9  time  stoichiometric  cathode  flow  rates  on  the  EIS  of  (a)  real  cathode,  (b)  real  anode,  (c)  half  cell  of  anode,  (d)  full  cell,  and  (e)  polarization 
curves.  Cell  temperature  is  60  °C,  anode  flow  is  6-stoichiometry. 


which  is  closely  related  to  the  polarization  curves  (Fig.  7(e)),  indi¬ 
cates  that  the  air  flow  rate  critically  affects  the  cell  performance 
because  of  the  limited  reaction  rate  at  the  cathode  and  the  slower 
proton-transfer  process,  even  with  a  sufficiently  high  anode  sto¬ 
ichiometry  (at  least  6).  Notably,  when  the  cathode  stoichiometry 
was  sufficiently  high  to  eliminate  the  influence  of  the  oxygen 
mass-transport  limitations,  the  full-cell  impedance  clearly  exhib¬ 
ited  inductive  behaviors  in  the  low-frequency  region,  as  shown  in 
Fig.  7(d).  The  inductive  behaviors  result  from  intermediate  relax¬ 
ation  of  the  anode  methanol  oxidation  reaction  (MOR),  which  yields 
an  increase  in  potential  followed  by  an  increase  in  current  with  a 
phase  delay,  such  that  the  potential-dependent  change  in  capaci¬ 
tance  of  the  full-cell  impedance  resembles  an  inductance  [3,12]. 

3.2.  Effect  of  methanol  flow  rate 

The  influence  of  the  fuel-flow  rate  was  investigated  at 
76  mA cm-2.  Three  fuel-flow  rates,  corresponding  to  anode  stoi¬ 
chiometric  rates  of  1,  3  and  9,  were  set  using  the  same  methanol 
concentration  of  3wt.%.  The  cell  was  operated  at  60  °C  with  a 


cathode  stoichiometric  flow  rate  of  6.  Using  the  electrochemical 
characteristics  of  the  real  anode,  the  irregular  semicircle  was  clearly 
observed  at  the  anode  stoichiometry  of  1,  as  shown  in  Fig.  8(a). 
In  this  case,  concentration  polarization  and  impaired  removal  of 
C02  gas  bubbles  resulted  in  mass-transport  limitations.  With  an 
increase  of  the  anode  flow,  the  magnitude  of  anode  impedance 
decreased  along  with  the  reduction  of  mass-transport  limitations. 
As  the  fuel  stoichiometric  rate  of  the  anode  was  increased  to  9,  the 
concentration  polarization  decreased  as  well.  Simultaneously,  the 
high  flow  rate  accelerated  the  removal  of  C02,  which  increased  the 
efficiency  of  catalyst  utilization.  Hence,  the  inductive  part  appears 
because  the  stable  MOR  produces  the  intermediate  adsorbates  on 
the  catalyst  surface  [12].  The  same  trend  in  the  variation  of  anode 
EIS  at  the  different  fuel-flow  rates  can  also  be  observed  in  the  half¬ 
cell  impedance  of  the  anode,  as  shown  in  Fig.  8(b).  At  an  anode 
stoichiometric  rate  of  1,  the  concentration  polarization  and  the 
reduction  of  catalyst  utilization  efficiency  due  to  excessive  C02 
caused  formation  of  a  large  impedance  arc  with  an  irregular  shape 
in  the  low-frequency  region.  When  the  stoichiometric  flow  rate  of 
the  anode  was  set  at  3,  the  fast  removal  of  C02  and  the  decreased 
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Fig.  8.  The  influence  of  1, 3  and  9  time  stoichiometric  anode  flow  rates  on  the  EIS  of  (a)  real  anode,  (b)  half  cell  of  anode,  (c)  real  cathode,  (d)  full  cell,  (e)  polarization  curves. 
Cell  temperature  is  60  °C,  cathode  flow  is  6-stoichiometry. 


concentration  polarization  improved  the  MOR  such  that  the  CTR  of 
the  half-cell  impedance  of  the  anode  was  reduced,  with  appearance 
of  the  inductive  part.  A  further  increase  in  the  anode  flow  rate  had 
no  significant  effects. 

On  the  cathode  side,  Fig.  8(c)  shows  that  the  restriction  of  pro¬ 
ton  transport  due  to  the  low  methanol  flow  reduced  the  ORR  and 
hence  resulted  in  the  large  real-cathode  impedance  arc.  In  the 
interim,  the  CTR  decreased  with  increases  in  the  anode  flow  rate. 
Although  a  high  anode  flow  will  increase  methanol  crossover,  the 
influence  of  the  mixed  potential  on  the  ORR  was  undetectable  in 
this  experiment.  Taking  the  full  cell  impedance  into  consideration, 
the  electrochemical  behaviors  associated  with  the  polarization 
curves  (Fig.  8(e))  were  investigated,  as  shown  in  Fig.  8(d).  The  poor 
cell  performance  (Fig.  8(e))  resulting  from  the  summing  effect  of 
both  the  impaired  MOR  and  suppressed  ORR  yielded  the  large, 
irregular  semicircle  of  the  full-cell  EIS  (Fig.  8(d))  at  an  anode  sto¬ 
ichiometry  of  1.  As  the  anode  flow  rate  was  increased,  the  cell 
performance  improved  at  high  current  density  (76mA cm-2)  due 
to  the  decreased  concentration  polarization  and  the  high  effi¬ 


ciency  of  catalyst  utilization.  This,  in  turn,  reduced  the  CTR  of  the 
full-cell  impedance.  At  an  anode  stoichiometric  flow  rate  of  9, 
no  significant  differences  in  the  other  impedance  measurements 
was  observed,  except  for  slight  variations  in  mass  transport  at 
low  frequency.  The  results  corresponding  to  these  polarization 
curves  indicate  that  cell  performance  increased  slightly  as  the 
anode  flow  rate  increased  from  3  to  9  (Fig.  8(e)).  Furthermore,  per¬ 
formance  was  not  influenced  as  significantly  by  the  flow  rate  of 
methanol  as  by  that  of  the  air,  as  is  clearly  indicated  by  the  steep 
(Fig.  7(e))  and  moderate  rises  in  peak  power  (Fig.  8(e))  for  their 
increases. 

3.3.  Effect  of  methanol  concentration 

The  influence  of  methanol  concentration  (1,  3,  6  and  9wt.%) 
on  the  EIS  measurement  was  investigated  at  a  constant  current  of 
76  mA cm-2.  The  fuel  stoichiometric  rate  of  the  anode  at  the  dif¬ 
ferent  methanol  concentrations  was  set  to  6.  The  cell  was  operated 
at  60° C  at  a  stoichiometric  air  flow  rate  at  the  cathode  of  6.  At 
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Fig.  9.  The  influence  of  1,  3,  6  and  9  wt.%  methanol  concentrations  on  the  EIS  of  (a)  real  anode,  (b)  half-cell  of  anode,  (c)  real  cathode,  (d)  full  cell,  and  (e)  polarization  curves. 
Cell  temperature  is  60  °C,  both  the  anode  and  cathode  flow  are  6-stoichiometry. 


the  lowest  methanol  concentration  (1  wt.%),  Fig.  9(a)  demonstrates 
that  the  effects  of  the  mass-transport  limitations  on  the  anode 
EIS  in  the  low-frequency  region  were  similar  to  the  conventional 
behaviors  [2,3,7,12,18].  When  the  methanol  concentration  was 
increased  to  3  wt.%,  the  MOR  was  enhanced  by  the  decreased  mass- 
transport  limitation.  Consequently,  the  CTR  of  the  anode  impedance 
decreased  and  an  inductive  part,  corresponding  to  the  adsorption 
step,  appeared.  As  the  methanol  concentration  was  increased  to  6 
and  9  wt.%,  the  CTR  of  the  anode  impedance  increased  as  well  as  the 
inductive  part  because  a  large  amount  of  intermediate  adsorbates 
reduced  the  active  area  of  the  anodic  catalyst  surface.  Similar  elec¬ 
trochemical  behaviors  were  exhibited  in  the  half-cell  impedance 
of  the  anode,  as  shown  in  Fig.  9(b).  Regarding  the  real-anode 
EIS,  the  real-cathode  impedance  is  shown  in  Fig.  9(c).  The  large, 
irregular  cathode  impedance  observed  at  1  wt.%  methanol  reveals 
the  restriction  on  the  ORR,  since  the  low  methanol  concentration 
strongly  limited  the  transport  of  protons  and  electrons  to  the  cath¬ 
ode  side.  As  the  methanol  concentration  increased,  the  transport 
of  protons  and  electrons  also  increased.  Therefore,  the  fast  ORR 
caused  the  lower  CTR  in  the  cathode  impedance  observed  at  3  wt.%. 


When  the  concentration  was  increased  to  6  wt.%,  no  significant 
variations  in  real-cathode  impedance  were  observed.  However,  the 
CTR  significantly  increased  at  a  concentration  of  9  wt.%  because 
the  excess  methanol  crossed  the  membrane  and  was  oxidized  at 
the  cathode,  thus  reducing  the  efficiency  of  utilization  by  the  cat¬ 
alyst  [27,28].  Hence,  the  ORR  was  suppressed,  which  significantly 
impeded  the  real  cathode,  as  shown  by  a  second  arc  in  the  low- 
frequency  region. 

Fig.  9(d)  shows  the  full-cell  impedance  spectra  at  various 
methanol  concentrations.  The  large  impedance  arc  was  caused  by 
the  summing  effect  of  both  the  limited  MOR  and  the  slow  ORR  at  a 
concentration  of  1  wt.%.  Both  the  MOR  and  the  ORR  were  improved 
at  a  concentration  of  3  wt.%,  thus  reducing  the  CTR  of  the  full¬ 
cell  impedance.  At  a  concentration  of  6  wt.%,  the  large  amount 
of  intermediate  adsorbates  increased  the  CTR  and  the  inductive 
part  appeared.  When  the  concentration  was  increased  to  9  wt.%, 
methanol  crossover  resulted  in  a  high  CTR  of  the  full-cell  impedance 
with  an  irregular  shape  in  the  low-frequency  region.  The  effect 
of  methanol  concentrations  on  the  polarization  curves  associated 
with  the  full-cell  EIS  is  plotted  in  Fig.  9(e).  The  low  cell  performance 
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reveals  the  mass-transport  problem  in  the  high  current  density 
region  at  a  concentration  of  1  wt.%.  At  a  concentration  of  3  wt.%, 
the  reduced  concentration  polarization  improved  cell  performance 
at  high  current  density.  However,  diminishing  cell  performance 
was  observed  as  the  concentration  was  increased  from  6  to  9  wt.%, 
because  the  high  methanol  concentration  caused  more  methanol 
to  be  oxidized  at  the  cathode  side,  leading  to  a  drop  in  cell  perfor¬ 
mance  [16]. 

3.4.  Effect  of  operating  temperature 

The  influence  of  the  operating  temperature  (30,  50  or  70  °C) 
on  EIS  measurement  was  evaluated  at  a  constant  current  of 
76  mA cm-2.  The  stoichiometric  flow  rates  of  both  methanol 
(3  wt.%)  and  air  were  6.  Fig.  10(a)  displays  the  variation  of  the  elec¬ 
trochemical  behavior,  as  revealed  by  the  real-anode  impedance 
spectra,  with  temperature.  The  slow  kinetics  of  the  MOR  at  30  °C 
is  responsible  for  the  large  diameter  of  the  real-anode  impedance 


arc.  As  the  cell  temperature  was  increased  to  50  °C  or  70  °C,  the 
kinetics  of  MOR  were  enhanced,  thereby  reducing  the  CTR  of  the 
real-anode  impedance.  Hence,  the  appearance  of  the  inductive  part 
indicates  that  the  fast  anode  reaction  generated  a  large  amount 
of  intermediate  adsorbates  on  the  catalyst  surface.  Additionally, 
the  observation  that  the  inductive  part  at  70  °C  was  smaller  than 
that  at  50  °C  indicates  that  the  adsorbed  CO  (COads)  desorption  rate 
increased  with  the  cell  temperature.  Furthermore,  the  decreased 
HFR  of  the  real-anode  impedance  arc  may  result  from  the  drop  in 
electrical  resistance  of  the  MEA  component  at  high  temperature. 
Similar  behaviors  of  the  half-cell  impedance  of  the  anode  are  also 
presented  in  Fig.  10(b). 

The  high  CTR  of  the  real-cathode  impedance  shown  in  Fig.  10(c) 
reveals  the  depressed  kinetics  of  ORR  at  30  °C.  As  the  temperature 
was  increased,  the  HFR  of  the  real-cathode  impedance  decreased 
and  the  enhanced  cathode  kinetics  reduced  the  CTR  as  well. 
Although  methanol  and  water  crossover  increased  with  the  cell 
temperature  [6,7],  methanol  crossover  and  water  flooding  did  not 


Fig.  10.  The  influence  of  cell  temperatures  (30,  50  and  70  °C)  on  the  EIS  of  (a)  real  anode,  (b)  half  cell  of  anode,  (c)  real  cathode,  (d)  full  cell,  and  (e)  polarization  curves.  3  wt.% 
liquid  methanol  is  used,  both  the  anode  and  cathode  flow  are  6-stoichiometry. 
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significantly  affect  the  cathode  impedance  spectrum  in  our  exper¬ 
iment.  In  the  overall  reaction,  the  full-cell  EIS  correlated  with  the 
polarization  curves  (Fig.  10(e)),  as  is  shown  in  Fig.  10(d).  The  poor 
cell  performance  (Fig.  10(e))  due  to  the  slow  MOR  and  ORR  at  30  °C 
produced  high  CTR  of  the  full-cell  impedance.  As  the  temperature 
increased,  the  faster  kinetics  of  both  MOR  and  ORR  reduced  the 
CTR  of  the  full-cell  impedance.  Again,  the  low  HFR  results  in  a 
decrease  in  the  electric  resistance  as  the  temperature  increases, 
as  mentioned  above.  Therefore,  both  the  enhanced  kinetics  and 
the  lower  ohmic  losses  significantly  improved  cell  performance  at 
50 °C  and  70  °C  (Fig.  10(e)).  Moreover,  the  inductive  parts  associ¬ 
ated  with  full-cell  impedance  was  not  observed  at  50  °C  because 
of  the  cathode-diffusion  problem,  as  described  above  (Fig.  10(d)). 
Although  methanol  and  water  crossover  increased  with  cell  tem¬ 
perature,  they  did  not  significantly  affect  the  high  cell  performance 
at  70  °C  or  the  EIS  measurement. 


3.5.  Effect  of  operating- current  density 

The  electrochemical  behavior  at  three  different  current  densi¬ 
ties  of  20,  40  and  76  mAcm-2  was  evaluated  at  a  cell  temperature 
of  60  °C.  The  stoichiometric  flow  rates  of  both  the  3  wt.%  methanol 
and  air  supply  corresponding  to  the  operating  current  were  set 
at  6  to  eliminate  mass-transfer  limitations.  Therefore,  this  experi¬ 
ment  was  performed  under  almost  pure  kinetic  control.  The  current 
densities  corresponding  to  the  cell  operating  voltages  in  the  polar¬ 
ization  curves  are  shown  in  Fig.  11(a).  For  the  full-cell  impedance 
measurement,  the  charge-transfer  processes  reveal  that  both  the 
CTR  and  inductive  part  decreased  with  increasing-current  density 
[2-4,9,14,15,23,24],  as  is  shown  in  Fig.  11(b).  Fig.  11(c)  shows  that 
the  slow  kinetics  of  MOR  caused  the  high  CTR  of  the  real-anode 
impedance,  with  a  strong  inductive  effect  at  the  low  current  density 
of  20  mAcnrr2.  As  the  current  density  increased,  both  the  CTR  and 
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Fig.  11.  The  influence  of  various  current  densities  (20, 40  and  76  mA  cm-2 )  on  (a)  polarization  curves,  (b)  full  cell  impedance,  (c)  real-anode  impedance,  (d)  half-cell  impedance 
of  anode,  and  (e)  real-cathode  impedance.  Cell  temperature  is  60  °C,  3  wt.%  liquid  methanol  is  used,  both  air  and  methanol  flow  are  6-stoichiometry. 


2328 


S.-H.  Yang  et  al.  /  Journal  of  Power  Sources  195(2010)  2319-2330 


an  inductive  part  of  the  real-anode  EIS  decreased.  These  decreases 
result  from  the  enhanced  kinetics  of  MOR,  which  accelerated  the 
desorption  rate  of  COads.  At  a  current  density  of  76  mA cm-2,  the 
adsorbed  CO  was  quickly  converted  to  C02  as  a  final  product.  There¬ 
fore,  the  small  amount  of  COads  formed  on  the  catalyst  surface 
caused  the  almost  complete  disappearance  of  inductive  behaviors. 
Similar  electrochemical  behaviors  were  obtained  in  the  half-cell 
impedance  of  the  anode,  as  is  shown  in  Fig.  11(d).  For  the  real 
cathode,  the  electrochemical  behaviors  as  a  function  of  the  current 
density  are  shown  in  Fig.  1 1  (e).  At  a  current  density  of  20  mA  cm-2, 
the  limited  transport  of  both  protons  and  electrons  restricted  ORR 
kinetics,  leading  to  a  large  impedance  arc  in  which  the  appear¬ 
ance  of  an  inductive  part  may  be  due  to  methanol  crossover  or 
adsorbed  intermediates  on  the  cathode  [2,3,23  ].  As  the  current  den¬ 
sity  increased,  the  fast  MOR  enhanced  the  methanol  consumption 
rate  and  reduced  methanol  crossover  to  the  cathode.  Moreover, 
fast  transport  of  both  protons  and  electrons  also  enhanced  the 
kinetic  ORR  and  the  intermediate  desorption  rate.  Therefore,  the 
impedance  spectrum  at  76  mAcm-2  shows  a  small  arc  with  a  little 
inductive  part. 


3.6.  Effect  of  flooding 

To  investigate  the  influence  of  cathode  flooding  on  electro¬ 
chemical  behaviors,  the  EIS  measurements  associated  with  the 
polarization  curves  displayed  in  Fig.  12  were  made  at  76  mAcm-2. 
The  stoichiometric  flow  rates  of  both  the  3  wt.%  methanol  and  the 
air  supply  were  6  at  a  cell  temperature  of  60  °C.  The  impedance 
spectra,  including  those  of  the  real  cathode  (Fig.  12(a)),  the  real 
anode  (Fig.  12(b)),  the  full  cell  (Fig.  12(c)),  and  the  half-cell  anode 
(Fig.  12(d)),  associated  with  the  polarization  curves  (Fig.  12(e)) 
indicate  that  the  cell  was  working  effectively  without  any  mass- 
transport  problems  in  the  initial  state. 

During  a  short-term  test  at  76 mAcm-2  for  155  min  under  the 
described  operation  conditions,  cell  performance  was  evaluated 
and  HFR  (1  kHz)  was  measured  (Fig.  13).  After  120  min,  the  per¬ 
formance,  corresponding  to  the  cell  voltage,  was  unstable  because 
the  excess  water  blocked  the  pores  of  the  GDL  and  restricted 
the  transfer  of  oxygen.  After  a  160-min  short-term  test,  the  large 
impedance  of  the  real  cathode  with  an  irregular  shape  in  the  low- 
frequency  region  indicates  that  water  flooding  occurred  (Fig.  1 2(a)). 
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Fig.  12.  The  influence  of  cathode  flooding  on  the  EIS  of  (a)  real  cathode,  (b)  real  anode,  (c)  full  cell  impedance,  (d)  half  cell  of  anode,  and  (e)  polarization  curves.  Cell  temperature 
is  60  °C,  3  wt.%  liquid  methanol  is  used,  both  air  and  methanol  flow  are  6-stoichiometry. 
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Fig.  13.  The  160-min  short-term  test. 


However,  variation  of  the  HFR  was  only  approximately  1%,  as  is 
shown  in  Fig.  13.  Since  the  membrane  and  anode  were  in  contact 
with  an  aqueous  solution,  thereby  ensuring  maximum  conductiv¬ 
ity,  the  influence  of  water  flooding  on  the  HFR  of  DMFCs  was  not 
as  clear  as  that  in  PEM  fuel  cells  [36,37].  Since  the  reduction  of 
oxygen  transport  due  to  water  flooding  slowed  the  proton-transfer 
process,  the  EIS  of  the  real  anode  resulted  in  a  large  impedance 
arc  (Fig.  12(b)).  Therefore,  the  anode  and  cathode  together  were 
responsible  for  the  high  CTR  of  the  full-cell  impedance,  with  sig¬ 
nificant  mass-transport  limitations  in  the  low-frequency  region 
(Fig.  12(c)),  and  for  low  peak  power  at  high  current  density  in  the 
polarization  curve  (Fig.  12(e)).  However,  the  half-cell  impedance  of 
the  anode  did  not  vary  with  the  test  time  (Fig.  12(b)),  suggesting 
that  determination  of  the  half-cell  impedance  of  the  anode  neglects 
the  effect  of  the  cathode  and  pertains  only  to  the  ideal  conditions 
of  the  anode  reaction. 

To  eliminate  the  effect  of  water  flooding,  nitrogen  was  employed 
to  purge  the  excess  water  from  the  cathode  side.  Fig.  12(a) 
shows  visible  improvement  of  the  cathode  impedance  in  the  low- 
frequency  region  after  the  nitrogen  purge,  compared  with  that 
before  the  purge.  Once  the  problem  of  water  flooding  was  elimi¬ 
nated  by  purging,  the  cathode  impedance  exhibited  characteristics 
similar  to  those  observed  in  the  initial  state,  as  is  shown  in  Fig.  1 2(a). 
Similar  variation  in  the  EIS  measurement  for  the  real  anode  and 
the  full  cell  can  also  be  observed  in  Fig.  12(b)  and  (c),  respectively. 
As  the  EIS  measurement  indicates  elimination  of  water  flooding, 
Fig.  12(e)  clearly  shows  recovery  of  cell  performance  in  the  polar¬ 
ization  curves  after  the  nitrogen  purge. 

4.  Conclusions 

In  this  study,  an  extended  reference  electrode  was  used  to 
observe  in  situ  impedance  of  the  anode  and  cathode  during  the 
actual  operation  of  a  DMFC.  The  sum  of  the  individual  anode  and 
cathode  impedances  was  consistent  with  the  full-cell  impedance, 
indicating  that  the  setup  of  the  Ag/AgCl  reference  electrode  pro¬ 
vided  a  good  metric  of  cell  performance.  Moreover,  both  the  results 
of  ICP  and  EDX  indicate  that  leakage  of  chloride  ions  did  not  poi¬ 
son  the  catalyst  in  our  experiment.  Systematic  analysis  of  the 
impedance  and  polarization  curves  of  an  operating  DMFC  were  per¬ 
formed  to  monitor  the  effects  of  the  air  and  methanol  flow  rates,  the 
methanol  concentration,  the  temperature,  and  the  current  density. 
The  following  conclusions  were  drawn: 

1.  As  the  conventional  half-cell  impedance  measurements  relate 

only  to  the  single  electrode  reaction  under  ideal  conditions,  the 


mutual  influences  of  the  critical  operating  conditions  on  each 
electrode  cannot  be  observed  using  a  pseudo-DHE. 

2.  Suppression  of  the  reaction  rate  of  the  anode  or  the  cathode  by 
mass-transport  limitations  limits  the  reaction  rate  on  the  oppo¬ 
site  side.  Therefore,  operating  conditions  of  low  air  or  methanol 
flow,  and  low  or  high  methanol  concentration  critically  affect 
the  full-cell  impedance  spectra  and  polarization  curves. 

3.  During  stable  operation,  the  reaction  kinetics  is  subject  to  the 
operating-current  density  or  the  cell  temperature.  Apparently, 
the  desorption  rate  of  COads  increases  as  the  operating-current 
density  or  cell  temperature  increases  and  the  inductance  cor¬ 
relates  with  potential-dependent  capacitance  changes  due  to 
changes  in  adsorption. 

4.  After  water  flooding  occurred  in  the  short-term  test,  in  situ 
impedance  in  the  low-frequency  region  clearly  distinguished 
the  effects  on  the  cell  performance  at  each  electrode  and  the 
complete  cell,  whereas  these  effects  were  not  obvious  by  the 
HFR. 

The  in  situ  impedance  of  each  electrode  determined  by  the 
extended  reference  electrode  provided  a  better  understanding  of 
the  operating  and  failure  mechanisms  of  water  flooding.  Moreover, 
the  proposed  approach  will  support  research  and  development 
efforts  to  prevent  deterioration  of  the  key  component,  the  MEA, 
to  improve  the  performance  and  durability  of  fuel  cells  and  finally 
to  facilitate  the  commercialization  of  direct  methanol  fuel  cells. 
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